[1] We present detailed stratigraphic and spectral analyses that focus on a region in northern Sinus Meridiani located between 1°N to 5°N latitude and 3°W to 1°E longitude. Several stratigraphically distinct units are defined and mapped using morphologic expression, spectral properties, and superposition relationships. Previously unreported exposures of hydrated sulfates and Fe/Mg smectites are identified using MRO CRISM and MEX OMEGA near-infrared (1.0 to 2.5 mm) spectral reflectance observations. Layered deposits with monohydrated and polyhydrated sulfate spectral signatures that occur in association with a northeast-southwest trending valley are reexamined using highresolution CRISM, HiRISE, and CTX images. Layers that are spectrally dominated by monohydrated and polyhydrated sulfates are intercalated. The observed compositional layering implies that multiple wetting events, brine recharge, or fluctuations in evaporation rate occurred. We infer that these hydrated sulfate-bearing layers were unconformably deposited following the extensive erosion of preexisting layered sedimentary rocks and may postdate the formation of the sulfate-and hematite-bearing unit analyzed by the MER Opportunity rover. Therefore, at least two episodes of deposition separated by an unconformity occurred. Fe/Mg phyllosilicates are detected in units that predate the sulfateand hematite-bearing unit. The presence of Fe/Mg smectite in older units indicates that the relatively low pH formation conditions inferred for the younger sulfate-and hematitebearing unit are not representative of the aqueous geochemical environment that prevailed during the formation and alteration of earlier materials. Sedimentary deposits indicative of a complex aqueous history that evolved over time are preserved in Sinus Meridiani, Mars.
Introduction
[2] Geomorphic and/or spectral evidence for past aqueous activity is preserved in multiple units that occur within Sinus Meridiani, Mars. Fluvially dissected Noachian-aged cratered terrain is unconformably overlain by extensive outcrops of hydrous light-toned sedimentary rock [Malin and Edgett, 2000; Edgett and Malin, 2002; Hynek et al., 2002; Arvidson et al., 2003; Gendrin et al., 2005; Poulet et al., 2008] . The Meridiani Planum sulfate and hematite-bearing unit investigated by the Mars Exploration Rover (MER) Opportunity [Squyres et al., 2004a] occurs near the top of the stratigraphic section exposed in Sinus Meridiani [Christensen et al., 2001b; Hynek et al., 2002; Arvidson et al., 2003; Christensen and Ruff, 2004] .
[3] In this paper we present detailed stratigraphic and spectral analyses that focus on a region in northern Sinus Meridiani located between 1°N to 5°N latitude and 3°W to 1°E longitude. The presence of outcrops with well exposed contacts and distinctive spectral signatures facilitates stratigraphic analyses in this region. Several stratigraphically distinct units were defined and mapped within the study area based on morphologic expression and superposition relationships. Previously identified layered deposits with monohydrated and polyhydrated sulfate spectral signatures Gendrin et al., 2005; Griffes et al., 2007] are reexamined using higher-resolution Mars Reconnaissance Orbiter (MRO) Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) [Murchie et al., 2007] , Context Imager (CTX) [Malin et al., 2007] , and High Resolution Imaging Science Experiment (HiRISE) [McEwen et al., 2007] data. Additional hydrated sulfate and Fe/Mg phyllosilicate-bearing exposures are identified using MRO CRISM and Mars Express (MEX) Observatoire pour la Minéralogie, l'Eau, les Glaces et l'Activité (OMEGA) [Bibring et al., 2004] near-infrared (NIR) (1.0 to 2.5 mm) spectral reflectance observations.
Geologic Context
[4] The Sinus Meridiani region of Mars, formerly termed Terra Meridiani, is located near the southwestern margin of Arabia Terra and is centered at 5°S, 0°E. Heavily cratered Noachian-aged terrain that has an ancient regional slope to the northwest ; Andrews-Hanna et al., (Table 1 ) exposed in Sinus Meridiani. Cratered Terrain (CT) is unconformably overlain by indurated sedimentary rock, Etched Terrain 1 (ET1). The Plains, Hematite-bearing (Ph) is the stratigraphically youngest mapped unit and consists of indurated sedimentary rock, Etched Terrain 2 (ET2), overlain by an unconsolidated veneer, the Plains Mantle, Hematite-bearing (Pm). Locations of previously identified Fe/Mg phyllosilicates Wiseman et al., 2008] and hydrated sulfates Griffes et al., 2007] are indicated with green and red arrows, respectively. Detailed mapping presented in Figure 4 indicates that deposits in the valley indicated with a red arrow are stratigraphically distinct from ET1. Early Hesperian volcanic ridged plains cover a small portion of CT in western Sinus Meridiani near 1°S, 9°W [Scott and Tanaka, 1986] . Some intracrater deposits within craters in CT may be relatively younger than CT and are not distinguished in this map. 2008] is exposed at the base of the stratigraphic section in Sinus Meridiani. The Noachian cratered terrain was fluvially dissected and unconformably overlain by light-toned indurated sedimentary rock referred to as "etched" terrain [Hynek et al., 2002; Arvidson et al., 2003] . Low-albedo, hematite-bearing plains overlie the etched unit and dominate the surface of central Sinus Meridiani, Meridiani Planum [Christensen et al., 2001b; Hynek et al., 2002; Arvidson et al., 2003] .
[5] To facilitate discussion of our study area, we present an updated regional context map of Sinus Meridiani that is broadly similar to previous maps (Figure 1 ) [e.g., Hynek et al., 2002; Arvidson et al., 2003; Hynek, 2004] . Materials are subdivided into Cratered Terrain (CT), Etched Terrain 1 (ET1), and the Plains, Hematite-bearing (Ph). ET1 is equivalent to the etched terrain unit mapped by Hynek et al. [2002] , Arvidson et al. [2003] , and Hynek [2004] . Ph consists of rock overlain by an unconsolidated veneer [e.g., Arvidson et al., 2006] . In this paper, we classified the rock component of Ph as Etched Terrain 2 (ET2) and the unconsolidated veneer as Plains Mantle, Hematite-bearing (Pm). Unit boundaries were mapped using a combination of attributes including morphologic characteristics, topographic expressions, relative thermal properties, selected spectral characteristics, and superposition relationships. Units are described in sections 2.1 through 2.3 (summary provided in Table 1 ) and a brief overview of postulated formation mechanisms for ET1 and ET2 is presented in section 2.4.
Cratered Terrain Unit
[6] Although Noachian-aged Cratered Terrain (CT) was subdivided into multiple units in previous work [e.g., Scott and Tanaka, 1986; Hynek et al., 2002] , this level of distinction is not made in our regional context map (Figure 1) . Some of the Noachian-aged craters in CT have prominent yet degraded rims [Hynek et al., 2002] whereas others are almost completely buried or exhibit a flat floored morphology that may have resulted from fluvial erosion and deposition [Craddock and Howard, 2002] . CT in southern Sinus Meridiani is heavily dissected by channels that are orientated in the direction of regional slope, to the northwest Units are listed in stratigraphic order from older to youngest. TES bolometric albedo [Christensen et al., 2001a] and TES thermal inertia values [Mellon et al., 2000] were derived from products available through the Planetary Data System that were binned at 8 pixels/degree.
b Based on OMEGA and CRISM spectral analyses (1.0 to 2.5 mm).
c LHS and LHS cap were included as part of ET1 in the regional context map (Figure 1 ), but more detailed mapping in the study area ( Figure 4b ) revealed that LHS and LHS cap are stratigraphically distinct from ET1. LHS and LHS cap may postdate ET2 formation (section 5.2).
( Figure 1a ) [Scott and Tanaka, 1986; Hynek et al., 2002] . A relatively intense episode of fluvial erosion occurred during the late Noachian period that reactivated preexisting channels and carved additional fluvial features in southern Sinus Meridiani [Hynek and Phillips, 2001, 2008] .
[7] Areas mapped as CT that appear bright in Figure 1b are mantled by aeolian dust deposits [Arvidson et al., 2003] . CT surfaces that are not mantled by dust generally have low albedos [Arvidson et al., 2003] , intermediate thermal inertias [Hynek et al., 2002; Arvidson et al., 2003] , and a basaltic spectral signature (Table 1) . Higher thermal inertia materials are exposed in some intracrater deposits and on limited intercrater surfaces. In addition, Fe/Mg phyllosilicate-bearing materials were previously identified in limited locations within CT (Figure 1 , green arrows) Wiseman et al., 2008] .
Etched Terrain 1 Unit
[8] The Etched Terrain 1 (ET1) unit unconformably overlies CT and is composed of relatively high thermal inertia indurated material [Mellon et al., 2000; Malin and Edgett, 2000; Edgett and Malin, 2002; Hynek et al., 2002; Arvidson et al., 2003; Putzig and Mellon, 2007] that is at least 300 m thick in some areas. ET1 is laterally extensive across Sinus Meridiani and is characterized by intermediate albedos and relatively high thermal inertias (Table 1) [Arvidson et al., 2003; Hynek, 2004] . Surfaces of ET1 are subhorizontal and typically dip between ∼0.05°to 1.0°in the direction of regional slope, to the northwest [Hynek and Phillips, 2008] . ET1 exhibits layering at multiple scales [Malin and Edgett, 2000; Edgett, 2005] and the presence of erosional mesas and grooves indicates variable material properties among layers [Arvidson et al., 2003; Edgett, 2005] . ET1 consists of several stratigraphically distinct subunits that are not distinguished in this regional context map, but are detailed in section 4.
[9] ET1 is inferred to have formed during the late Noachian to early Hesperian period [Hynek et al., 2002] . Along its southern margin, ET1 embays several channel features that were incised into CT. However, there is some evidence that channel features that formed during the late Noachian also cut lower layers of ET1 [Hynek and Phillips, 2008] .
[10] Although the western margin of ET1 is mantled with bright dust (Figure 1b) , this area is mapped as ET1 because it is laterally continuous with and morphologically similar to unmantled areas. The central and eastern portions of ET1 are well exposed and have higher thermal inertias than other portions of the unit (Figure 1c ) [e.g., Hynek, 2004] . Hydrous materials were detected in OMEGA spectral reflectance observations more frequently in areas of ET1 with the highest thermal inertias (Figure 1d ) . Previously identified areas of ET1 that exhibit distinctive hydrated sulfate or Fe/Mg phyllosilicate spectral signatures are indicated in Figure 1 (red and green arrows, respectively) Griffes et al., 2007; Poulet et al., 2008] .
Plains, Hematite-Bearing Unit
[11] The Plains, Hematite-bearing (Ph) unit is a composite unit that consists of rock, Etched Terrain 2 (ET2), overlain by an unconsolidated veneer, the Plains Mantle, Hematitebearing (Pm). ET2 occurs stratigraphically above ET1 [Hynek et al., 2002; Arvidson et al., 2003] . The surface of Ph is aerially dominated by Pm, although patches of ET2 are visible in some locations in high-resolution orbital images of Ph. Gray crystalline hematite was detected at the surface of Ph in Mars Global Surveyor (MGS) Thermal Emission Spectrometer (TES) [Christensen et al., 2001a] infrared (IR) spectra [Christensen et al., 2000a [Christensen et al., , 2001b .
[12] In situ investigations of Ph made by the MER Opportunity rover (landing site indicated in Figure 1 ) revealed that the bedrock component of Ph (ET2) in the vicinity of the landing site is composed of ∼20 wt % SO 3 , contains jarosite at the ∼10 wt % level [Klingelhöfer et al., 2004; Morris et al., 2006] , and contains hematitic concretions. Positive correlations between Mg and S in Alpha Particle X-Ray Spectrometer data suggest the presence of Mgbearing sulfate minerals in ET2 [Rieder et al., 2004; Clark et al., 2005] . The bulk of Pm is composed of low-albedo basaltic sand [Christensen et al., 2000b] that was transported into the region via aeolian processes and was not derived from erosion of the underlying friable sulfate-rich rock [Squyres et al., 2004a; Arvidson et al., 2006] . The hematite signature detected in orbital TES IR spectra of Ph results from hematitic concretions that weathered out from ET2 and were concentrated as a surface lag via aeolian processes [Squyres et al., 2004a; Morris et al., 2006; Arvidson et al., 2006] .
[13] Ph is a few hundred meters thick in some areas but is an order of magnitude thinner near its northern margin. Crater counting of Ph indicates a late Noachian to early Hesperian age for ET2 [Arvidson et al., 2006] whereas crater counting restricted to small craters (<250 m diameter) suggests a late Amazonian crater retention age for Pm [Lane et al., 2003 ]. Christensen and Ruff [2004] noted that the extent of the hematite-bearing mantle is largely controlled by the extent of underlying bedrock. Because the bedrock component (ET2) and the mantle component (Pm) of Ph appear to be coupled, the extent of Pm is a proxy for the presence of underlying ET2. TES hematite index values area variable across the unit mapped as Ph in this paper and mesas with low hematite index values that may represent remnants of a hematite-free unit above Ph [Christensen and Ruff, 2004] were not distinguished.
[14] OMEGA spectra of Ph are relatively flat between 1.0 to 2.5 mm and are consistent with a mixture of unaltered to weakly altered basaltic sand, gray hematite, and nanophase iron oxides [Arvidson et al., 2006] . Distinctive H 2 O and/or OH related spectral absorption features indicative of hydrated and/or hydroxylated sulfates were not identified in OMEGA spectra of Ph. Initial analyses of higher-resolution CRISM spectra over the Opportunity rover landing site [Wiseman et al., 2007] are consistent with Arvidson et al. [2006] .
Formation Mechanisms for ET1 and ET2
[15] A brief discussion of proposed formation mechanisms for ET2 is presented first because more observational constraints exist for it than for ET1. The bedrock explored by the Opportunity rover, part of ET2, is most commonly interpreted as a "dirty" sulfate-rich evaporitic deposit composed of reworked materials that formed in an interdune playa environment [e.g., Squyres et al., 2004b; Grotzinger et al., 2005; Arvidson et al., 2006; McLennan et al., 2005; Morris et al., 2006; Squyres et al., 2006] . Other formation hypotheses including volcanic [McCollom and Hynek, 2005] , impact surge [Knauth et al., 2005] , and ice weathering [Niles and Michalski, 2009] were also proposed. Although most outcrops investigated by the Opportunity rover are interpreted as cemented aeolian deposits, some primary sedimentary features consistent with subaqueous deposition are also observed [Grotzinger et al., 2005] . The hematitic concretions within ET2 could have formed via hydrolysis of jarosite during diagenesis [McLennan et al., 2005; Golden et al., 2008] . The presence of jarosite implies that low pH (1-4) [Stoffregen et al., 2000; Morris et al., 2006] and oxidizing aqueous conditions occurred during formation and/or diagenesis of ET2.
[16] Regardless of the sediment source, ET2 experienced aqueous alteration, likely within a groundwater-dominated environment [Squyres et al., 2006; Arvidson et al., 2006; Andrews-Hanna et al., 2007 . A hydrologic model that includes rainfall, groundwater infiltration, and groundwater emergence predicts that some sites in Sinus Meridiani hosted persistent groundwater emergence and evaporation driven by the unique topography of the southwestern Arabia Terra region [Andrews-Hanna et al., 2007 . Groundwater upwelling in the absence of an enclosing basin provides a plausible mechanism for the extensive formation of evaporitic deposits in Meridiani Planum.
[17] Prior to the MER Opportunity and the MEX OMEGA missions, several authors suggested a sedimentary aeolian or pyroclastic origin for ET1 [e.g., Schultz and Lutz, 1988; Chapman and Tanaka, 2002; Hynek et al., 2002; Arvidson et al., 2003] . Subaqueous deposition was also considered [Edgett and Parker, 1997] . However, after evaporitic process were inferred from Opportunity rover observations of overlying ET2 materials and hydrated exposures were detected in OMEGA spectra of ET1, Arvidson et al. [2006] and Poulet et al. [2008] favored formation of ET1 in groundwater driven regimes. The differences in spectral and morphologic characteristics between ET1 and ET2 suggest that geochemical conditions differed during the formation of these two units. More neutral or mildly acidic aqueous conditions likely transitioned to the low pH geochemical environment inferred from the presence of jarosite in ET2 .
Data Sets and Methods

CRISM and OMEGA Data Preprocessing
[18] The CRISM spectrometer aboard MRO is a hyperspectral imager that has short (S) and long (L) wavelength detectors that operate between 0.36 to 1.06 mm and 1.00 to 3.94 mm, respectively [Murchie et al., 2007 [Murchie et al., , 2009a . CRISM is capable of acquiring both hyperspectral (544 channels) and multispectral (72 band subset) images. Twenty m/pixel hyperspectral full resolution targeted (FRT) images, 40 m/pixel hyperspectral half resolution long (HRL) and short (HRS) targeted images, 200 m/pixel multispectral survey (MSP) images, and 100 m/pixel multispectral window (MSW) images were analyzed. The CRISM spectrometer utilizes 2-D detector arrays that cause slight column dependencies in CRISM spectral data [Murchie et al., 2007] .
[19] The OMEGA spectrometer [Bibring et al., 2004 covers the wavelength range from 0.35 to 5.1 mm in 352 channels using VNIR (0.35 to 1.07 mm), C (0.93 to 2.70 mm), and L (2.53 to 5.10 mm) detectors. OMEGA images vary in spatial resolution depending on spacecraft altitude and are acquired in 16, 32, 64, or128 pixel modes. Analyses were limited to OMEGA images with spatial resolutions ≤ 2.5 km/pixel. The OMEGA spectrometer utilizes a 1-D NIR detector in which images are built up by across track scanning and along-track orbital motion.
[20] Spectral analyses used CRISM L spectrometer and OMEGA C spectrometer data and focused on the NIR wavelength region between 1.0 and 2.5 mm. Hydrated and/or hydroxylated phases exhibit distinctive absorption features in this region of the spectrum, which is dominated by reflected solar radiation and lacks competing effects from thermal emission that occur at longer wavelengths. CRISM and OMEGA I/F spectra (where I is the surface radiance and F is the solar irradiance at the top of the Martian atmosphere) were calibrated as described by Murchie et al. [2007 Murchie et al. [ , 2009a and Bibring et al. [2004 Bibring et al. [ , 2005 , respectively. For most analyses, atmospheric gas bands were removed to first order by ratioing I/F spectra to a scaled atmospheric transmission spectrum derived from Olympus Mons high-and low-altitude observations Mustard et al., 2008; Wiseman, 2009 . Surface Lambert albedo spectra (i.e., atmospherically corrected spectra assuming isotropic surface scattering) were retrieved from selected CRISM I/F spectra using Discrete Ordinate Radiative Transfer (DISORT) [Stamnes et al., 1988; Wolff et al., 2009] model results. Atmospheric gas and dust contributions were simultaneously accounted for in the DISORT models and removed during atmospheric correction using procedures outlined by Wiseman [2009] .
[21] Spectral parameter maps designed to detect spectral features at wavelengths of known H 2 O and/or OH vibrational features indicative of hydrated and/or hydroxylated phases [e.g., Pelkey et al., 2007] were generated from atmospherically corrected CRISM and OMEGA observations. Parameter calculations and threshold values are defined in Table 2 . CRISM parameter maps were spatially filtered to reduce speckling from noise. Isolated pixels with relatively high parameter values were assumed to result from noise and not surface contributions. A sliding kernel was used to determine areas that had a high density of pixels (8 out of 12) with relatively high parameter values ( Table 2 ). All parameter values within the kernel were retained unaltered if the 8 out of 12 criterion was met and parameter values within kernels that did not meet the criterion were set to 0.
[22] Spectral ratios were used to suppress instrumental and/or residual atmospheric artifacts and to highlight spectral features of interest. These ratios were calculated by dividing an atmospherically corrected CRISM spectrum (typically the average of 25 spectra) by a relatively bland spectrum from the same image. Numerator and denominator spectra for spectral ratios were extracted from the same CRISM columns. Because artifacts can be introduced in ratio spectra, the shapes of numerator and denominator spectra were also considered in detailed analyses.
Identification of Spectral Features
[23] Detailed spectral analyses focused on identification of candidate phases responsible for producing H 2 O and/or OH related vibrational features detected in CRISM spectra.
Spectrally dominat hydrated and/or hydroxylated mineral phases were identified by comparing band positions of spectral absorption features in CRISM spectra with spectra of terrestrial samples contained in publically available spectral libraries (Figure 2 ) [Clark et al., 2007; CRISM Science Team, 2006; Cloutis et al., 2006] . Spectra contained in the libraries were typically acquired at ambient terrestrial conditions or in an environment that was purged with nitrogen for a limited amount of time. Experiments in which hydrated and/or hydroxylated mineral samples were exposed to Martian surface-like conditions for long durations showed that characteristic H 2 O and/or OH related vibrational features of stable phases measured were persistent but that some absorption features, particularly H 2 O related features, decreased in amplitude [Cloutis et al., 2007; Morris et al., 2009] . Spectral features apparent in Martian spectra are not expected to match perfectly with library spectra because multiple phases and/or phases that deviate in composition or degree of hydration from those contained in the spectral libraries likely contribute to the Martian spectra.
[24] NIR spectra are dominated by contributions from the upper 100s of micrometers of exposed materials. Spectral contrast and intensity are affected by multiple parameters that include mineralogy, grain size, and surface texture. Some phases are spectrally bland in the NIR (e.g., Fe-free anhydrous silicate minerals) and spectra of intimately mixed materials are nonlinear with respect to component proportions. Coatings that are not representative of the bulk mineralogy can contribute disproportionally to NIR spectra.
[25] Some hydrated and hydroxylated minerals exhibit distinctive spectral features in the NIR resulting from vibrational modes of H 2 O and/or OH that can be spectrally diagnostic of the presence of a mineral or mineral group. OH related vibrations caused by bound OH commonly produce diagnostic spectral features. A broad H 2 O related spectral absorption feature near 1.9 mm indicates that the H 2 O molecule is present in some form in a material (e.g., trapped H 2 O, absorbed H 2 O, adsorbed H 2 O, or bound H 2 O). Therefore, spectra that exhibit a ∼1.9 mm spectral absorption feature that lack other diagnostic vibrational bands are identified as hydrous materials (Figure 2a) .
[26] Surfaces with spectral absorption features near 2.3 mm are evident in D2300 parameter maps ( Hunt and Ashley, 1979; King and Clark, 1989; Bishop et al., 2008] . Spectral absorption features near 2.2 mm were not identified in current CRISM and OMEGA coverage of the study area.
[27] Saponite, an Mg-rich trioctahedral smectite, has distinct spectral absorption features near 1.39 (OH and H 2 O related), 1.91 (H 2 O related), 2.31 (Mg-OH vibration), and a weak feature at 2.39 mm [Clark et al., 1990; Bishop et al., 2002a] . The feature at 2.39 mm is caused by the presence of OH or H 2 O in the mineral structure; however a band assignment has not been made [Decarreau et al., 2008] proportions of Mg to Fe in smectite clays shift the ∼2.3 mm band to slightly longer wavelengths [Bishop et al., 2002b , Swayze et al., 2002 . Chlorite is another common Fe/Mg phyllosilicate mineral group that has spectral absorption features near 1.4 and 2.3 mm [King and Clark, 1989] . Because chlorite contains OH but lacks H 2 O in its structure, spectra of pure samples should lack an absorption feature near 1.9 mm. The ∼2.3 mm Fe/Mg-OH absorption feature in several chlorite spectra contained in the USGS spectral library [Clark et al., 2007] occurs at slightly longer wavelengths (between 2.32 and 2.33 mm) than the corresponding Fe/Mg-OH feature in Fe/Mg smectites ( Figure 2b ).
[28] Surfaces that exhibit spectral absorption features near 1.9 or 2.1 mm plus 2.4 mm are also evident in the study area in D1900, D2100, and D2400 parameter maps ( Table 2) . Spectra of Mg and/or Fe polyhydrated sulfate minerals, or hydrated sulfates with multiple water molecules per unit cell [Hawthorne et al., 2000] , exhibit absorption features near 1.9 and 2.4 mm [Cloutis et al., 2006, and references therein] . Monohydrated Mg and Fe sulfates exhibit band minima near 2.1 and 2.4 mm [Cloutis et al., 2006] . Some sulfate minerals, including gypsum (Ca polyhydrated sulfate), alunite (Al hydroxylated sulfate), and jarosite (Fe 3+ hydroxylated sulfate), exhibit spectral absorption features near 2.22 to 2.27 mm that were not identified in the study area in northern Sinus Meridiani.
[29] Overlapping H 2 O absorption features can result in the appearance of a broad feature near 1.9 mm in spectra of some polyhydrated sulfate minerals. Band minima between 1.93 and 1.98 mm are commonly observed in spectra of Mg and/or Fe polyhydrated sulfates ( Figure 2c ) [Cloutis et al., 2006] . The Mg and Fe 2+ monohydrated sulfates kieserite and szomolnokite are members of the kieserite group and have similar structures. Spectra of naturally occurring kieserite exhibit an H 2 O feature near 2.13 mm and szomolnokite spectra exhibit an H 2 O feature near 2.10 mm (Figure 2d ). Additional laboratory studies are needed to confirm that there is a systematic relationship between the central wavelength position of the ∼2.1 mm spectral feature and the dominant cation in the kieserite group. Assignment of the ∼2.4 mm feature is equivocal because a feature at this wavelength is detected in spectra of both hydrated sulfate minerals and nonsulfate hydrated phases [Crowley et al., 2003; Bishop and Murad, 2005; Decarreau et al., 2008] .
Image and Topographic Data
[30] CTX images (5 m/pixel), HiRISE images (25 cm/pixel), MGS Mars Orbital Camera (MOC) [Malin et al., 1992] wideangle (WA) mosaics (230 m/pixel), Mars Odyssey Thermal Emission Imaging System (THEMIS) daytime and nighttime IR scaled brightness mosaics (230 m/pixel) at 12.57 mm, MGS Mars Orbiter Laser Altimeter (MOLA) [Smith et al., 2001 ] gridded topography mosaics (450 m/pixel), and MOLA profile point data (150 m footprint) were utilized for geomorphic and topographic analyses. CRISM spectral reflectance observations were also displayed and analyzed as three band false color composite images. Data visualization and analysis were performed using IDL/ENVI and GIS software. Map coordinates were defined in areocentric latitude and positive east longitude.
[31] Relative stratigraphic positions of materials based on embayment and superposition relationships were inferred from morphologic expression and analyses of shadowed or sunlit margins in HiRISE, CTX, and MOC images. THEMIS daytime and nighttime thermal IR scaled brightness mosaics were used to compare relative differences in material properties. Geomorphic variations are evident in daytime images acquired in the late afternoon, partially as a result of differential solar heating. Nighttime brightness temperatures are controlled by physical properties of the surface and are dominated by thermal inertia. Reported material thicknesses were estimated from MOLA profile elevation point data.
Spectral and Stratigraphic Mapping in Northern Sinus Meridiani
[32] Well exposed contacts between Ph, ET1, and CT facilitate stratigraphic analyses in northern Sinus Meridiani ( Figure 3 ). Previous analyses of OMEGA NIR spectral reflectance observations revealed monohydrated and polyhydrated sulfates in layered deposits associated with a ∼120 km long northwest-southeast trending valley Arvidson et al., 2005; Griffes et al., 2007] and Fe/Mg phyllosilicate-bearing exposures within a 50 km diameter crater (Figure 3b , red and green arrows). Our stratigraphic and spectral analyses are focused on a region in northern Sinus Meridiani located between 1°N to 5°N latitude and 3°W to 1°E longitude ( Figure 4 ).
[33] Detailed stratigraphic, morphologic, and spectral analyses of materials within the study area are presented in sections 4.1 through 4.5 and implications of these results are discussed in section 5. We subdivided ET1 into four laterally continuous subunits, ET1 A , ET1 B , ET1 C , and ET1 D , based on the geomorphic expression of materials and their superposition relationships (Figures 4b and 4c ). Layered deposits associated with the northwest-southeast trending valley located in the center of the study area that exhibit hydrated sulfate spectral signatures are distinguished from ET1 and are mapped as Layered Hydrated Sulfate (LHS) deposits.
Upper layers associated with the northeastern margin of the LHS deposits are mapped as the Layered Hydrated Sulfate Cap (LHS cap ) ( Figure 4b ). The possibility that LHS cap is laterally continuous with ET1 D is shown in Figure 4d and is considered in section 5.2. Areas of ET1, LHS, and/or LHS cap that are mantled with dark material are classified as [ET1/LHS/LHS cap ] mantled (Figure 4b ).
[34] Surfaces that exhibit spectral features near 1.9, 2.1, 2.3, and 2.4 mm were identified in CRISM and OMEGA D1900, D2100, D2300, and D2400 (Table 2) parameter maps of the study area in northern Sinus Meridiani ( Figure 5 ). Areas that appear red in Figure 5 indicate spectral features near 2.4 mm plus 1.9 mm, consistent with the presence polyhydrated sulfates; yellow areas indicate spectral features near 2.4 mm plus 2.1 mm, consistent with the presence monohydrated sulfates; and green areas exhibit a spectral feature near 2.3 mm that is typically caused by Fe/Mg-OH vibrations in Fe/Mg phyllosilicates ( Figure 5 ).
CT, Northern Sinus Meridiani
[35] Several impact craters within CT in northern Sinus Meridiani are partially filled with high thermal inertia intracrater deposits (Figure 1c) . A prominent northwestsoutheast trending ridge and adjacent valley occur in the center of the study area (Figure 3a ). Intercrater surfaces of CT are predominately low in albedo ( Figure 3b ) and are relatively smooth (Figure 6 ), retain small impact craters, and have polygonal fractures in some areas (Figure 6c , yellow inset). Small channel features that sometimes transition to sinuous ridges occur in CT (Figure 6c , white arrow). These sinuous ridges are similar to other features in Sinus Meridiani that were interpreted as inverted channels, or channel features that were filled with material that is more resistant to erosion than the surface into which the channel was originally incised [Newsom et al., 2003; Edgett, 2005; Newsom et al., 2010] . Channel features are buried by ET1 (Figure 6c ), which indicates that channel formation predated emplacement of ET1. Dark surfaces of CT exhibit a basaltic spectral signature (Figure 7 (bottom), FRT000099C8_d CT, location shown in Figure 8 ) .
[36] CRISM spectra extracted from previously identified Fe/Mg phyllosilicate-bearing deposits on the floor of a 50 km crater are similar to OMEGA spectra and exhibit spectral absorption features centered near 1.91 and 2.31 mm, weaker features near 1.4 and 2.39 mm, and a shoulder near ∼2.24 mm (Figure 7, FRT0000960F ). Spectral features at 1.91, 2.31, and 2.39 mm are consistent with contributions from Mg-rich smectite (Figure 2b ). The shape of the 2.31 band and the shoulder near ∼2.24 mm may result from the presence of chlorite in addition to Mg-rich smectite (Figure 2b) . Alternatively, the shoulder near ∼2.23 mm could be produced from Al-OH vibrations resulting from substitution of Al into octahedral sites in the smectite [e.g., King and Clark, 1989] . Additional exposures that exhibit spectral absorption features near 2.3 mm are detected in CT in CRISM image FRT000099C8 on and to the north of rampart [Barlow et al., 2000] 
[ET1/LHS/LHS cap ] mantled Description
[37] Where well exposed, surfaces of ET1, LHS, and LHS cap have intermediate albedos and relatively high thermal inertias (Figures 1c and 3b and Table 1 ). Some portions of ET1, LHS, and LHS cap are mantled by low-albedo, relatively low thermal inertia material. Where the dark mantle covers small areas, the unit underlying the mantle can be inferred from surrounding exposures. However, in areas Figure 3 . Footprints of CRISM FRT images shown in this paper are outlined and labeled in orange. The white arrow indicates the location of a 30 km diameter crater from which dark material, inferred to be crater ejecta, that is visible on surrounding surfaces appears to have originated. (b) CTX mosaic of the study area (1°N to 5°N, 3°W to 1°E) in northern Sinus Meridiani with a detailed units map overlain. Cratered Terrain (CT) occurs at the base of the stragitgraphic sequence and is unconformably overlain by Etched Terrain 1 (ET1). Intracrater deposits within CT are not distinguished for simplicity. The bedrock and unconsolidated components of the Plains, Hematite-bearing (Ph) are mapped as Etched Terrain 2 (ET2) and the Plains Mantle, Hematite-bearing (Pm), respectively. ET1 is subdivided into four stratigraphically distinct subunits: ET1 A , ET1 B , ET1 C , and ET1 D (Table 1) where the mantle is relatively extensive, identification of the underlying unit (e.g., ET1 A , ET1 B , ET1 C , ET1 D , LHS, or LHS cap ) is difficult. Therefore, mantled areas that are laterally continuous with or occur at similar stratigraphic levels as ET1 A , ET1 B , ET1 C , ET1 D , LHS, or LHS cap were classified as [ET1/LHS/LHS cap ] mantled and specific assignment of the unit(s) underlying the mantle was not made (Figure 4b) .
[38] The dark mantle material commonly occurs in the vicinity of impact craters deep enough to have excavated and emplaced underlying CT as ejecta deposits on surrounding surfaces. The dark mantle component of [ET1/ LHS/LHS cap ] mantled located in the eastern portion of the study area adjacent to a 30 km diameter impact crater appears to have originated as ejecta from this crater (Figures 3  and 4 , white arrow). High thermal inertia light-toned layers that stand ∼200 m above CT are visible in exposures along the western margin of this mantled area (Figure 9 ). Continuous ejecta deposits mantle ET1 shown in Figure 10a and remnants of dark ejecta mantle the surface of ET1 shown in Figure 10c .
ET1, Northern Sinus Meridiani
[39] Multiple outliers of ET1 that are separated by 10s of kilometers from larger exposures occur in northern Sinus Meridiani (Figure 3) . The smallest outliers of ET1 surround craters and may have been armored from erosion by crater ejecta deposits, resulting in pedestal-like craters (Figure 4b ). The presence of outliers of ET1 suggests that substantial differential erosion of ET1 occurred in this region [Hynek and Phillips, 2001; Hynek et al., 2002] .
[40] Four geomorphically distinct subunits of ET1 (ET1 A , ET1 B , ET1 C , and ET1 D ) were identified in the study area in northern Sinus Meridiani (Figure 4b ). ET1 A is the stratigraphically lowest subunit within ET1 and ET1 D is the stratigraphically highest subunit (Figure 4c ). ET1 A , ET1 B , and ET1 C are consistently exposed in the southern and western portion of the study area and in outliers of ET1 that occur to the north (Figure 4b ). ET1 D is exposed in the eastern portion of the study area (Figure 4b ). Subunits are (Table 2) overlain. Red areas exhibit high D1900 and D2400 parameter index values that indicate spectral features at ∼1.9 and 2.4 mm, consistent with the presence of polyhydrated sulfates. Yellow areas exhibit high D2100 and D2400 parameter index values that indicate spectral features at ∼2.1 and 2.4 mm, consistent with the presence of monohydrated sulfates. Green areas exhibit a high D2300 parameter index value that indicates the presence of a feature at ∼2.3 mm that is typically caused by Fe/Mg-OH vibrations in Fe/Mg phyllosilicates. Areas that exhibit high D1900 parameter index values but that lack additional distinctive absorption features at longer wavelengths (i.e., hydrated materials that were not identified as hydrated sulfates or Fe/Mg phyllosilicates) are not shown on this parameter map (see Figure 1d hydration map). OMEGA coverage varies in spatial resolution from ∼400 to 2500 m/pixel and spatial registration of OMEGA images with the CTX base map is imperfect. CRISM MSP (200 m/pixel) and MSW (100 m/pixel) 1.1 mm images are overlain on the CTX mosaic to indicate CRISM multispectral coverage. Footprints of CRISM FRT images detailed in this paper are shown with black outlines (FRT parameter maps are not overlain).
described in reverse stratigraphic order with the exception that ET1 D is presented last.
[41] ET1 C commonly exhibits a distinctive knob to ridged morphology that is visible at intermediate spatial scales (hundreds of meters) ( Figure 11 and Table 1 ). Ridges within ET1 were previously recognized in Sinus Meridiani [e.g., Arvidson et al., 2003; Edgett, 2005; Salvatore et al., 2008] . Analyses of CTX images show that the knobs and ridges are traceable to more continuous material that is preserved near the margin of overlying Ph (Figure 11c) . Thus, the knob and ridges appear to be an erosional morphology of ET1 C . The thickness of ET1 C is difficult to determine because it caps ridges whose walls may consist of stratigraphically lower materials. ET1 C is estimated to have a thickness of 10 to 30 m (Figure 11b, MOLA profile) . A spectral absorption feature near 2.3 mm is detected in some exposures of ET1 C located in the southwestern portion of the study area ( Figure 5 , green pixels). Spectra extracted from the surface of ET1 C covered by CRISM image FRT000097F8 (Figure 12 ) exhibit spectral absorption features centered near 1.92, 2.30 to 2.31 mm, and 2.39 mm (Figure 7 , FRT000097F8 ET1 C ), consistent with the presence of Fe/Mg smectite (Figure 2b) .
[42] ET1 B occurs stratigraphically below ET1 C and is exposed in surfaces intervening remnant knobs and ridges of ET1 C (Figure 11 and Table 1 ). ET1 B is relatively smooth at intermediate and small (10s of meters) spatial scales ( Figure 11e ) and appears brighter than ET1 C (Figure 11c) . The thickness of ET1 B is estimated at 40 to 60 m. Spectra of ET1 B extracted from FRT000097F8 ( Figure 11 ) exhibit a shallow H 2 O related absorption feature near 1.92 mm and an indistinct spectral dropoff at wavelengths longward of ∼2.2 mm (Figure 13, FRT000097F8 ET1 B ). This spectral shape is consistent with spectra of hydrated phases that include hydrous hydroxides and some hydrated ferric sulfates (Figure 2a) . A small exposure of material with spectral features near ∼1.9 and 2.4 mm, indicative of the presence of polyhydrated sulfates, is also detected in FRT000097F8 (Figure 12b , magenta pixels). This spectral signature is not representative of ET1 B and will be discussed in section 4.5.
[43] ET1 A is the stratigraphically lowest subunit of ET1 and is exposed in heavily eroded areas that include plateau Table 1 ). ET1 A has a higher albedo than both ET1 B and ET1 C and exhibits a distinctive scalloped texture that is visible in HiRISE images (Figures 6d and 14b , red insets). Scalloped textured terrain that has a broadly similar morphology to ET1 A at HIRISE resolution, but that occurs in low thermal inertia (e.g., dusty) areas, was analyzed by Bridges et al. [2010] . The thickness of ET1 A is variable and appears to be controlled by the underlying topography of CT. The thickest exposures of ET1 A (∼150 m thick) occur in the scarp wall located along the southern margin of the northeastsouthwest trending valley (Figure 4b ). ET1 A is well exposed in a portion of the scarp wall covered by CRISM image FRT0001252F (Figure 14c ). Spectra extracted from ET1 A are relatively bland between 1.0 and 2.5 mm and do not exhibit obvious H 2 O and/or OH related vibrational features ( Figure 13 , FRT0001252F ET1 A ).
[44] ET1 D is identified in the eastern portion of the study area and occurs stratigraphically above ET1 C (Figure 15 and Figures 4a and 4b) . Table 1 ). Multiple strata within ET1 D are exposed along a ∼70 m topographic rise that occurs near the margin between ET1 C and ET1 D (Figure 15d ). The margin between ET1 D and ET2 is difficult to define (Figure 15d) . ET1 D appears to underlie ET2 and may occur in the area labeled "ET1 D ?" in Figure 15d . The interpretation that ET1 D underlies ET2 is based on analysis of a small interval of material and is not definitive; it is possible that ET1 D embays ET2 (Figure 4c , vertical section A2). Spectra extracted from two layers within ET1 D in CRISM image FRT0000CC22 (Figure 16 ) exhibit pronounced H 2 O related absorptions features near 1.92 mm and an indistinct spectral dropoff at wavelengths longward of ∼2.2 mm (Figure 13 , FRT0000CC22 ET1 D 1 and FRT0000CC22_ET1 D 2) that is consistent with spectra of hydrated phases including hydrous hydroxides and some hydrated ferric sulfates (Figure 2a) . Similar spectral shapes are observed in ET1 located to the east of the study area . Polyhydrated sulfate spectral signatures were detected along the margin of low-albedo mantle in FRT0000CC22 (Figure 16b , magenta pixels) and in the area indicated with a black arrow in FRT0001252F (Figure 14c ) that corresponds to the material labeled ET1 D ? in Figure 15d . These materials are discussed in section 4.5.
LHS and LHS cap 4.4.1. LHS and LHS cap Descriptions
[45] Layered Hydrated Sulfate (LHS) deposits are exposed on the floor of the northwest-southeast trending valley located in the center of the study area and within higher-elevation exposures near the northeastern margin of the valley (Figures 17 and 18 ). LHS deposits exhibit spectral absorptions features near 2.1 plus 2.4 mm and ∼1.9 plus 2.4 mm, indicative of the presence of monohydrated and polyhydrated sulfates, respectively ( Figure 5 , yellow and red pixels). Polyhydrated sulfates are spectrally dominant over a large area of the valley floor and monohydrated sulfates occur on the western portion of the valley floor and in higher-elevation, plateau-forming exposures in the northeastern portion of the LHS deposits (Figures 5 and 17b ) [Griffes et al., 2007] . Analyses of high-resolution CRISM, CTX, and HiRISE images reveal that layers containing monohydrated sulfates are intercalated with polyhydrated layers near the northeastern margin of the LHS deposits (Figures 19 and 20) . Hydrated sulfate spectral signatures are detected in both low-and high-albedo layers within the LHS deposits (Figure 19 ). Pits and grooves are visible in LHS deposits at small to intermediate spatial scales (Figure 19d ). [46] CRISM spectra extracted from areas with high D1900 and D2400 parameter values in FRT00004616 exhibit broad spectral absorption features centered near 1.94 mm and a reflectance drop off longward of ∼2.3 mm with a band minimum near 2.39 to 2.40 mm (Figure 21 , FRT00004616 LHS poly) that is spectrally consistent with the presence of Mg and/or Fe polyhydrated sulfates (Figure 2c ). CRISM spectra extracted from areas with high D2100 and D2400 parameter values exhibit a spectral absorption feature centered near 2.13 mm and a reflectance drop off longward of ∼2.3 mm with a well defined band minimum near 2.40 mm (Figure 21 , FRT00004616 LHS mono). Although a band centered at 2.13 mm is more consistent with spectra of the Mg monohydrated sulfate kieserite than spectra of the Fe monohydrated sulfate szomolnokite (Figure 2d) , the relationship between the wavelength center of the spectral feature near ∼2.1 mm and cation in the kieserite group is not well established. CRISM spectra extracted from LHS deposits also typically exhibit a broad spectral absorption feature centered near ∼1 mm (Figure 21 ). This electronic feature could arise from the presence of ferrous hydrated sulfate Figure 12 . CRISM image FRT000097F8 (footprint shown in Figure 11 ) mainly covering ET1 C and ET1 B with Ph exposed in the southwestern portion of the image. Black, green, and cyan arrows indicate locations of spectra extracted from ET1 C (Figure 7 (Table 2 ). Blue areas exhibit high D1900FRT parameter values consistent with the presence of hydrated materials, magenta areas exhibit high D1900FRT and D2400FRT parameter values indicative of polyhydrated sulfates, and cyan areas exhibit high D2300FRT and D1900FRT parameter values indicative of Fe/Mg phyllosilicates. Figure 13 . (top) CRISM relative reflectance spectra extracted from areas of selected FRTs that exhibit hydration features at 1.9 mm but lack additional diagnostic vibrational features at longer wavelengths or are spectrally bland. The red spectrum was offset by −0.10, and the green spectrum offset by 0.05 for clarity. (bottom) CRISM I/F* (volcano scan and cos(i) corrected CRISM I/F) numerator (_n) and denominator (_d) spectra that were used to generate the ratio spectra shown in the top plot. Residual atmospheric features are likely to occur in the region of the spectrum highlighted in gray in which intense atmospheric CO 2 absorptions occur. Each spectrum is the average of 25 spectra. minerals or from contributions by other ferrous hydrous or anhydrous phases that occur in the CRISM pixels from which the spectra were extracted. Low-albedo aeolian deposits that have a basaltic spectral signature similar to spectrum FRT000099C8_d CT shown in Figure 7 (bottom) are observed in the valley (e.g., Figure 14b ).
[47] The LHS cap occurs on plateau surfaces ( Figure 18 ) and is higher in albedo and smother at intermediate spatial scales than LHS deposits (Figure 19d ). Spectra extracted from LHS cap shown in FRT00004616 (Figure 19 ) exhibit an H 2 O related feature at 1.92 mm but do no exhibit a well defined spectral absorption feature near 2.4 mm (Figure 21 , FRT00004616 LHS cap ). Spectra of LHS cap are distinct from spectra of LHS deposits and are consistent with spectra of hydrated phases that include hydrous hydroxides and some hydrated ferric sulfates (Figure 2a) .
Stratigraphic Analyses of LHS and LHS cap
[48] A ∼200 m section of ET1 is exposed along the southern margin of the LHS deposits in which both steep faces and more gradual slopes are observed (Figure 17 ). Hydrated sulfate spectral signatures are not identified in existing high-resolution CRISM coverage of the scarp wall. Instead, hydrated sulfates are identified in LHS deposits that occur on the valley floor (Figure 14c ). ET1 A is visible at the base of the section of ET1 exposed in the southern scarp wall (Figures 14b and 17) . The configuration of the southern margin of the valley suggests that the LHS deposits either underlie or embay ET1 A , however aeolian debris obscures contacts (Figure 14b ) making it difficult to determine the stratigraphic relationship between LHS deposits and ET1 A . Mesas with the same sequence of layers observed in the cliff wall (ET1 A , ET1 B , and ET1 C ) occur near the center of the valley (Figure 22 ). Contacts between LHS and ET1 A within (Table 2 ) overlain and draped on MOLA topography (vertical exaggeration is 10). Blue areas exhibit high D1900FRT parameter values consistent with the presence of hydrated materials, magenta areas exhibit high D1900FRT and D2400FRT parameter values indicative of polyhydrated sulfates, and yellow areas exhibit high D2100FRT and D2400FRT parameter values indicative of monohydrated sulfates. ET1 A does not exhibit evidence for the presence of hydrated phases. LHS deposits exhibit strong monohydrated and polyhydrated sulfate spectral signatures. A weak polyhydrated sulfate signature is detected in rock near the base of ET2 that is indicated with a black arrow (higher-resolution view is shown in Figure 15d ). The blue arrow indicates the location of a spectrum extracted from ET1 A (Figure 13 , FRT0001252F ET1 A ). these mesas are well defined. Based on analysis of these contacts, we conclude that LHS deposits on the valley floor embay ET1 A (Figure 22 ).
[49] Exposures along the northern margin of the LHS deposits show that LHS deposits occur stratigraphically above CT. LHS deposits embay and partially cover rampart ejecta from a preexisting crater in CT (Figures 18 and 19) . LHS deposits also embay a channel feature eroded into the surface of CT that extends to the north and cuts a northwestsoutheast trending ridge (Figures 17c) . This embayment and crosscutting relationship establishes that emplacement of LHS deposits postdates the formation of the ridge within CT.
[50] Layers in the LHS deposits terminate in low mesas along their northwestern margin (Figure 23 ). High-albedo material is exposed at the base of the low mesas (Figure 23 ). Some exposures of the underlying light-toned material have the distinctive scalloped morphology characteristic of ET1 A (Figure 23c) . Analyses of CRISM spectra in conjunction with higher-resolution CTX and HiRISE images indicate that these areas do not exhibit distinctive hydrated sulfate spectral signatures (Figure 23 ).
[51] LHS cap occurs stratigraphically above LHS (Figures 18  and 19 ). Outliers of LHS cap that are visible on small mesa surfaces adjacent to larger exposures of LHS cap indicate that LHS cap was originally more extensive (Figure 18d ). Multiple layers in the LHS deposits are exposed in areas surrounding LHS cap , with higher-elevation layers occurring closest to the LHS cap . Analysis of HiRISE anaglyph PSP_002680_ 1825_PSP_003392_1825, which covers deposits shown in Figure 19d , does not reveal obvious deformation textures or steeply dipping beds. Instead layers at multiple elevations within the LHS deposits appear to be exposed as a result of differential erosion.
Additional Hydrated Sulfate Exposures in Northern Sinus Meridiani
[52] Exposures that exhibit hydrated sulfate spectral signatures are not restricted to LHS deposits. Polyhydrated sulfates occur in a topographic low to the northwest of the LHS deposits and small exposures with monohydrated and polyhydrated sulfate spectral signatures were identified to the north and northeast of LHS deposits in low areas near the bases of high-standing outcrops in two locations. Polyhydrated sulfate spectral signatures are also detected in limited exposures on high-standing surfaces of ET1 located to the southwest, south, and east of the LHS deposits. 
Hydrated Sulfate Exposures Located to the North, Northwest, and Northeast of LHS Deposits
[53] Polyhydrated sulfates detected ∼20 km to the northwest of LHS deposits occur in a topographic low that is an extension of the northwest-southeast trending valley that contains LHS deposits (Figure 24 , red pixels indicated with the black arrow). These polyhydrated sulfates occur at a similar elevation and in a similar setting to the LHS deposits, e.g., near the base of a heavily eroded section in which layers of ET1 A , ET1 B , and ET1 C are exposed.
[ [55] Both monohydrated and polyhydrated spectral signatures were also detected in CRISM image FRT000062E6 in materials that occur near the base of an outlier of ET1 located ∼130 km to the north of LHS deposit (Figure 27 ). This outlier of ET1 is partially eroded and multiple mesas of ET1 occur in which ET1 A , ET1 B , and ET1 C are exposed ( Figure 6 ). Analysis of FRT000062E6 shows that hydrated spectral signatures are restricted to materials that occur at the base of the mesas of ET1 and are not detected in mesa walls (Figure 27 ; spectrum shown in Figure 26 , FRT000062E6 poly). This indicates that the hydrated sulfate-bearing materials were deposited subsequent to the erosion of the ET1 mesas.
Hydrated Sulfate Exposures Located to the South, Southwest, and East of LHS Deposits
[56] Small exposures of polyhydrated sulfates were detected to the southwest of the valley in CRISM image FRT000097F8 and are limited to a cluster of pixels located near the center of the image (Figure 12 ; spectrum shown in Figure 26 , FRT000097F8 poly). The material that exhibits a polyhydrated sulfate spectral signature occurs in the midst of a surface dominated by ET1 B that was exposed following erosion of overlying ET1 C . The limited spatial extent of the polyhydrated sulfate exposures in FRT000097F8 makes stratigraphic analyses difficult. These polyhydrated sulfates were deposited either prior to the formation of ET1 C or after the formation and subsequent erosion of ET1 C .
[57] Material with a polyhydrated sulfate spectral signature is exposed near the base of Ph in CRISM image FRT00003CE0 (Figure 28 ; spectrum shown in Figure 26 , FRT00003CE0 poly) and in FRT0001252F (Figure 14c , magenta pixels indicated with a black arrow). The northwestern portion of FRT00003CE0 is partially mantled by aeolian debris. Polyhydrated sulfate spectral signatures are detected in areas that are relatively free from debris. Clean exposures of ET1 C located in the northeastern portion of FRT00003CE0 are spectrally similar to the ET1 C spectrum extracted from FRT000097F8 and exhibit spectral absorptions features at ∼1.92 and 2.30 to 2.31 mm, consistent with the presence of Fe/Mg smectites (Figure 7 , FRT00003CE0 ET1 C ). The polyhydrated sulfate exposures in FRT00003CE0 overlie ET1 C and either underlie or embay Ph. Polyhydrated sulfates detected in FRT0001252F are spectrally similar to those in FRT00003CEO and also occur in indurated material that overlies ET1 C (Figure 14c) .
[58] Polyhydrated sulfates are exposed in FRT0000CC22 near the margin of low-albedo mantle that covers a small area of ET1 D located to the east of the LHS deposits (Figure 16b , magenta pixels). The polyhydrated sulfates overlie ET1 D Figure 17 . (a) Subset of the units map (Figure 4b) showing the extent of LHS deposits; location indicated in Figure 4a . The white arrow indicates the location of a channel feature that cuts a ridge in CT and is embayed by LHS deposits and the black arrow indicates a plateau capped by Ph. Red lines indicate locations of cross sections shown in Figure 29. (b) CTX mosaic with MOLA color-coded topography overlain. The extent of LHS deposits is outlined in black. LHS deposits associated with the northeastsouthwest trending valley occur in both low-and high-elevation exposures. (c) THEMIS DIR mosaic covering the area outlined with the white box showing a channel feature that cuts a ridge in CT and is embayed by LHS deposits.
and are possibly remnants of a more extensive layer that was stripped by aeolian erosion in areas unprotected by the dark mantle.
Discussion
Stratigraphic Relationships, Northern Sinus Meridiani
[59] Three regionally extensive units, Cratered Terrain (CT); Etched Terrain 1 (ET1); and Plains, Hematite-bearing (Ph), are exposed in Sinus Meridiani (Figure 1 , unit descriptions summarized in Table 1 ). ET1 is an indurated sedimentary unit that unconformably overlies CT and Ph occurs at the top of the regional stratigraphic section. Ph is a composite unit that consists of sedimentary rock, Etched Terrain 2 (ET2), that is overlain by an unconsolidated veneer, the Plains Mantle, Hematite-bearing (Pm) (Figure 4b) .
[60] Detailed stratigraphic analyses presented in section 4 focused on an area in northern Sinus Meridiani located between 1°N to 5°N latitude and 3°W to 1°E longitude. Layered deposits associated with the ∼120 km long northwest-southeast trending valley located in the center of the study area that exhibit hydrated sulfate spectral signatures were distinguished from ET1 and mapped as Layered Hydrated Sulfate (LHS) deposits. Upper layers associated with the LHS deposits that do not exhibit specific hydrated sulfate signatures were mapped as the Layered Hydrated Sulfate Cap (LHS cap ) (Figure 4b and Table 1 ). LHS deposits are exposed on the valley floor and within higher-elevation plateaus near the northeastern margin of the valley (Figures 17  and 18 ). ET1 was subdivided into four laterally continuous, stratigraphically distinct subunits, ET1 A , ET1 B , ET1 C , and ET1 D , that were mapped using superposition relationships ( Figure 4b and Table 1 ). ET1 A is the stratigraphically lowest subunit and ET1 D is the stratigraphically highest. ET1 A is spectrally bland between ∼1.0 and 2.5 mm, ET1 B exhibits a weak hydration feature at 1.9 mm, ET1 C exhibits a Fe/Mg smectite spectral signature in some areas, and ET1 D exhibits a strong hydration feature at 1.9 mm. The thickness of ET1 A is variable (∼150 m thick in places) and appears to be controlled by the underlying topography of CT. ET1 B is 10 to 30 m thick, ET1 C is a 40 to 60 m thick, and ET1 D is composed of multiple strata that have a combined thickness of ∼70 m where exposed in the study area. 5.1.1. Stratigraphic Relationships Between LHS Deposits and ET1 A , ETI B , and ET1 C
[61] We constructed two vertical cross sections from MOLA elevation profiles that transect the LHS deposits (Figure 29 , locations shown in Figure 17 ). Both cross sections are oriented roughly parallel to regional strike, in the northeast-southwest direction. LHS deposits that are exposed within plateaus near the northeastern margin of the valley occur at significantly higher elevations than LHS deposits on the valley floor. These northeastern LHS deposits reach elevations that are similar in height to high-standing portions of ET1 located to the south of the valley (Figure 17) . LHS deposits along the northeastern margin of the valley do not project to corresponding layers to the southwest of the valley (Figure 29b ). We infer a lateral facies change to explain the observed configuration of the LHS deposits and ET1 because we found no evidence for post depositional structural deformation of the LHS deposits. Both conformable and unconformable facies changes are considered.
[62] If the LHS deposits are conformable with ET1 then a lateral facies change occurred in response to lateral variations in local depositional conditions that resulted in an abrupt contact with ET1 along the southern margin of the valley. If the LHS deposits are unconformable with ET1 then this implies that ET1 was originally laterally continuous and subsequently eroded and that LHS deposits embay ET1.
[63] On the basis of detailed analysis presented in section 4, we favor an unconformable facies change in which ET1 A , ET1 B , and ET1 C (and likely ET2, see discussion in section 5.2) were originally laterally continuous, subsequently eroded, and embayed by younger LHS deposits. The presence of outliers of ET1 located in the northern portion of the study area in which layers of ET1 A , ET1 B , and ET1 C are exposed, the same sequence of strata observed in large expanses of ET1 located to the south and west of the LHS deposits, supports the hypothesis that ET1 A , ET1 B , and ET1 C were originally laterally extensive across the study area ( Figure 4b ). The occurrence of exposures of ET1 A in both the scarp wall along the southern margin of the LHS deposits ( Figure 14) and on the northwestern valley floor underlying LHS deposits (Figure 23c) is consistent with an unconformable facies change because ET1 A is observed to be a thick, relatively easily erodible unit. The presence of isolated mesas located in the center of the valley that exhibit the same sequence of layers (ET1 A , ET1 B , and ET1 C ) observed in the scarp wall along the southern margin of the valley that appear to be embayed by LHS deposits (Figure 22 ) is consistent with an unconformable facies change and inconsistent with a conformable facies change. 5.1.2. Stratigraphic Relationships Between ET1 C , ET1 D , and ET2
[64] ET1 D occurs stratigraphically above ET1 C and appears to underlie ET2 in the eastern portion of the study area (Figures 4c, vertical section A1, and 15) . However, the possibility that ET1 D postdates and therefore embays ET2 cannot be excluded (Figure 4c , vertical section A2). ET1 D is not identified in the western and southwestern portion of the study area (Figure 4b) . The units map shown in Figure 4b in which ET1 D is exposed only in the eastern portion of the study area could be produced by two possible vertical configurations: configuration 1, where ET1 D occurs between ET1 C and ET2 in the eastern and western portion of the Figure 19 . (bottom) CRISM I/F* (volcano scan and cos(i) corrected CRISM I/F) spectra for areas shown in the top plot. Residual atmospheric features are likely to occur in the region of the spectrum highlighted in gray in which intense atmospheric CO 2 absorptions occur. Each spectrum is the average of 25 spectra. study area but was eroded back where not protected by overlying ET2 such that the margin of ET1 D is approximately coincident with the margin of ET2 in western locations, making ET1 D difficult to identify (Figure 4c , vertical section B1) or configuration 2, where ET2 occurs directly stratigraphically above ET1 C in the western portion of the study area (Figure 4c , vertical section B2).
[65] Both configurations 1 and 2 could be produced by depositional settings in which ET1 D was originally laterally continuous. If ET1 D was originally laterally continuous, then either ET1 D was buried by ET2 and subsequently eroded in the western portion of the study area, resulting in configuration 1, or ET1 D was eroded prior to the unconformable deposition of ET2, resulting in configuration 2. However, if deposition and/or diagenesis of ET1 D were laterally variable, then configuration 1 would be observed if ET1 D was originally laterally continuous but the western portion of ET1 D was pervasively altered during diagenesis to form lower strata of ET2 and configuration 2 would have resulted if deposition of ET1 D was restricted to eastern locations. Alternatively, configuration 2 would result if ET1 D postdated ET2 formation and embays ET2 (Figure 4c , vertical section A2). Discrimination between configuration 1 and configuration 2 to explain the lack of exposure of ET1 D in the western portion of the study area is difficult because multiple mechanisms can plausibly produce both config- urations and ET1 D and ET2 only contact for a short interval in the eastern portion of the study area (Figure 15 ).
Relative Age Relationships Between LHS Deposits, ET1, and ET2
[66] The occurrence of mesas formed from ET1 A , ET1 B , and ET1 C located in the valley that are embayed by LHS deposits (Figure 22 ) requires that the LHS deposits postdate the formation of ET1 A , ET1 B , and ET1 C . Therefore, LHS deposits embay ET1 A (Figure 29 ) where they contact for ∼120 km along the southern margin of the valley (Figure 17) .
[67] Ph occurs on the surface of a plateau that forms the western margin of the valley (Figure 17 , black arrow) and on high-standing surfaces to the south of the valley. LHS deposits contact with ET1 A at the base of the plateau along their western margin (Figure 17) . The presence of Ph on these high-standing surface and the lack of Ph in the valley suggests that ET2 (the bedrock component of Ph) formed prior to the erosion of ET1 and subsequent deposition of the LHS deposits. This indicates that LHS deposits and LHS cap may be the youngest stratigraphic units exposed in northern Sinus Meridiani and that LHS deposits postdate the formation of ET2.
[68] ET1 D occurs stratigraphically above ET1 C and appears to underlie ET2. However, the inference that ET1 D predates ET2 is not definitive and it is possible that ET1 D is younger than ET2. Materials mapped as LHS cap and ET1 D are geomorphically and spectrally similar but are separated by surfaces covered by low-albedo mantle deposits that preclude determination of the stratigraphic relationship between LHS cap and ET1 D (Figure 15 ). It is possible that ET1 D is laterally continuous with LHS cap (Figure 4d ). If so, this is not inconsistent with a relatively young age for LHS and LHS cap , but may indicate that LHS deposits predate the formation of ET2. However, if LHS deposits predate the formation of ET2, it is difficult to explain the presence of Figure 24 . (a) Subset of the CTX mosaic shown in Figure 4a with the footprint of CRISM MSW00005AD3 outlined in black. Red pixels exhibit high D1900 and D2400 parameter values (Table 2) , consistent with the presence of polyhydrated sulfates. The black arrow indicates the location of hydrated sulfates detected to the northwest of LHS deposits. (b) Units map of area shown in Figure 24a ; map key is shown in Figure 17a . ET2 on plateau surfaces whose walls are embayed by LHS deposits.
LHS Deposits 5.3.1. Original Thickness and Extent of LHS Deposits
[69] The current exposures of LHS deposits represent a lower bound to the original extent of these deposits. There is morphologic evidence for differential erosion of the LHS deposits that includes the presence of plateaus and smallscale pits and groves (Figures 18 and 19d) . LHS deposits are ∼50 m thick near their northwestern margin and ∼150 m thick near their northeastern margin (Figures 17 and 18) . LHS deposits extend to the scarp walls along the western, southern, and eastern margins of the valley. However, LHS deposits terminate in low mesas along their northwestern margin. This indicates that the LHS deposits may have originally extended further to the north (Figure 23 ). The occurrence of hydrated sulfate-bearing materials ∼30 km to the northwest of the LHS deposits (Figure 24 ) in a stratigraphically similar setting as the LHS deposits provides additional evidence that the LHS deposits may have extended further to the north. Additional hydrated sulfatebearing materials that were detected to the north, northeast, south, southwest, and east of the LHS deposits are discussed in section 5.4.
Candidate Formation Environments
[70] LHS deposits are exposed both on the valley floor and within higher-elevation plateaus near the northeastern margin of the valley (Figure 17 ). Exposures directly to the northeast of the higher-standing portion of the LHS deposits and LHS cap are mantled by dark material that obscures identification of underlying units and potential contacts between these units. Emplacement of the LHS deposits was shown via embayment and crosscutting relationships to postdate CT, which rises to form a ridge to the north of the LHS deposits (Figure 17b ). LHS deposits were also shown to postdate the formation of the scarp wall in ET1 that forms the eastern, southern, and southwestern margins of the valley (Figure 17) . Therefore, prior to the formation of LHS deposits, the topographic configuration of materials surrounding the valley resulted in the presence of a nearly closed basin. The occurrence of a thick sequence of layered deposits with hydrated sulfate spectral signatures within this nearly closed valley is suggestive of deposition in an evaporitic setting.
[71] The observed compositional layering in the LHS deposits, specifically intercalated layers of monohydrated and polyhydrated sulfates (Figures 19 and 20) , implies that multiple wetting events, brine recharge, or fluctuations in evaporation rate occurred to produce depositional layering, although diagenetic processes may have modified the initial layering. Differences in albedo between layers in the LHS deposits could have resulted at least partially from variable contributions of siliciclastic components, including lowalbedo basaltic fines and high-albedo dust. Figure 26 . (top) CRISM relative reflectance spectra extracted from areas of selected FRTs with hydrated sulfatelike spectral signatures. (middle) CRISM I/F* (volcano scan and cos(i) corrected CRISM I/F) numerator (_n) spectra that were used to generate the ratio spectra shown in the top plot. (bottom) CRISM I/F* (volcano scan and cos(i) corrected CRISM I/F) denominator (_d) spectra that were used to generate the ratio spectra shown in the top plot. Residual atmospheric features are likely to occur in the region of the spectrum highlighted in gray in which intense atmospheric CO 2 absorptions occur. Each spectrum is the average of 25 spectra.
[72] The exact depositional setting in which the LHS deposits formed is uncertain. LHS exposures could be consistent with formation in deep or shallow saline aquifers, surface brines, or some combination of these. The presence of LHS deposits at relatively high elevations along the northeastern margin of the valley implies that brines reached this level. These high-elevation layers could be consistent with deposition in a deep water basin setting in which a thicker evaporitic sequence is deposited along shallow margins of the basin and a thinner sequence of evaporitic deposits accumulates in the deeper central portion of the basin [e.g., Hovorka et al., 2007] . The asymmetry of the valley basin, specifically the relatively steep southern margin and the gentle rise to the north of the LHS deposits (Figure 29a ) may have resulted in accumulation of significant evaporitic deposits along the northern margin only. In this scenario, a sequence of LHS deposits similar to those that occur in the northeastern portion of the valley should have also formed along the northwestern margin. However, a thick sequence of LHS deposits is not observed in this area. It is possible that additional layers were deposited to the northwest and subsequently eroded. There is some evidence that the LHS deposits originally extended further to the north (section 5.3.1). Alternatively, the valley may have been episodically inundated with shallow brines that evap- orated to leave layers cemented with hydrated sulfates that accumulated on the valley floor and near the northeastern margin, incrementally shallowing the basin or portions of the basin. In this scenario, it is possible, but not required, that the valley eventually filled with LHS deposits and the northeastern layers are late-stage deposits. If this were the case, then subsequent erosion stripped substantial amounts of material from the valley resulting in the current configuration of the LHS deposits.
Implications of Additional Hydrated Sulfate Exposures
[73] Exposures with hydrated sulfate spectral signatures are not restricted to LHS deposits. Multiple spatially limited hydrated sulfate exposures were detected in the study area in northern Sinus Meridiani, some of which are only evident in the highest spatial resolution CRISM images (20 m/pixel). Hydrated sulfates were identified on both relatively lowand high-standing surfaces. Some of these hydrated sulfate exposures occur in topographic shadows or near the margins of mantled areas and appear to be erosional remnants of deposits that were originally more extensive.
[74] Hydrated sulfates were detected in three locations within low areas located 30 km to the northwest, 40 km to the northeast, and 130 km to the north of the LHS deposits, respectively (section 4.5.1). These northern exposures of hydrated sulfates occur at similar elevations to upper layers of the LHS deposits and are consistent with deposition following substantial differential erosion of ET1 A , ET1 B , and ET1 C . It is possible that these northern exposures of hydrated sulfates are genetically related to the LHS deposits or formed during the same time period by similar processes but in different local environments.
[75] Hydrated sulfates were also detected in limited locations on high-standing surfaces of ET1 located to the southwest, south, and east of the LHS deposits (section 4.5.2). Although the relatively small spatial extent and/or poor quality of these exposures hinder stratigraphic analyses, these hydrated sulfates are constrained to postdate ET1 B formation. One hydrated sulfate-bearing exposure overlies ET1 C and may occur in lower layers of ET2 (the bedrock component of Ph) or ET1 D and another exposure overlies ET1 D .
[76] The presence of multiple small exposures of hydrated sulfates separated by large expanses suggests that formation of deposits with hydrated sulfate spectral signatures was widespread. The stratigraphic context of these hydrated sulfate deposits is consistent with that of the LHS deposits and may record relatively late stage wetting events driven by groundwater.
Spectral and Textural Differences Between LHS Deposits and ET2
[77] Although the bedrock component of Ph, ET2, is known to be sulfate rich based on in situ MER Opportunity rover investigations, NIR spectra of this unit typically do not exhibit distinct vibrational features associated with hydrated and/or hydroxylated phases (Figure 7 , FRT000097F8_d Ph) [Arvidson et al., 2006] . In contrast, spectra extracted from LHS deposits in the valley exhibit relatively strong vibrational features indicative of the presence of both monohydrated and polyhydrated sulfates (Figure 21 ). Gray crystalline hematite was detected in orbital IR spectra of Ph but not of the LHS deposits [Christensen et al., 2001b] . Analyses made by the Opportunity rover along its traverse revealed that ET2 is chemically homogenous [Rieder et al., 2004] . In contrast, compositional layering that likely records Figure 29 . Cross sections generated from MOLA topographic profiles along the red lines indicated in Figure 17 from (a) A to A′ and (b) B to B′. Profiles are oriented roughly along the direction of regional strike. The inferred stratigraphy for each cross section is shown (units are the same as those mapped in Figures 4b and 17a) . LHS deposits appear to embay ET1 A . fluctuations in brine concentration or composition is observed in LHS deposits.
[78] The erosional texture of the LHS deposits is variable, but groves and pits are typically present at intermediate spatial scales (Figures 19c and 19d) . In contrast, ET2 is relatively smooth at a similar spatial scale (Figure 11f ). ET2 is extensively covered by a mantle (Pm) that armors the surface and slows deflation [Sullivan et al., 2005] . Coatings on ET2 were identified in Opportunity rover observations [Knoll et al., 2008] . Extensive coatings or alteration/dehydration rinds present at the surface of ET2 could obscure the spectral signature of underlying hydrated and/or hydroxylated sulfate minerals in orbital NIR reflectance spectra. In contrast, there is geomorphic evidence that LHS deposits are easily erodible. The time scale of erosion may be shorter than that of coating formation for the LHS deposits.
Scale of Evaporitic Setting and Comparison to Other Deposits on Mars
[79] The largest exposure of gray crystalline hematite detected on Mars occurs in Meridiani Planum [Christensen et al., 2001b] . Smaller exposures of gray hematite were detected within Aram Chaos and in association with some interior layered deposits (ILDs) in Valles Marineris [Christensen et al., 2001b] . Crater counts indicate that the Meridiani Planum hematite-bearing unit formed in the late Noachian to early Hesperian [Arvidson et al., 2006] , but that the Aram Chaos hematite-bearing deposits may have formed later in Martian history (or have been buried and exhumed), during the late Hesperian period [Rotto and Tanaka, 1995; Glotch and Christensen, 2005] . The Valles Marineris ILDs are also inferred to be Hesperian in age [Scott and Tanaka, 1986] .
[80] Monohydrated sulfates and other hydrated minerals in Aram Chaos occur near exposures containing gray crystalline hematite Glotch and Christensen, 2005; Noe Dobrea et al., 2008; Lichtenberg et al., 2010] . Gray hematite deposits detected in Valles Marineris typically occur near the base of ILDs [Christensen et al., 2001b] and both monohydrated and polyhydrated sulfates also occur in some ILDs [Mangold et al., 2008; Bishop et al., 2009; Murchie et al., 2009b] . Hydrologic modeling predicts that groundwater upwelling occurred in Sinus Meridiani, Aram Chaos, and Valles Marineris during the late Noachian and the Hesperian [Andrews-Hanna et al., 2007 . The observed hydrated sulfate and hematite-bearing deposits in these locations are consistent with formation in a groundwater driven evaporitic regime.
5.7. Fe/Mg Phyllosilicate-Bearing Deposits 5.7.1. Implications
[81] Fe/Mg smectites are detected in limited exposures associated with the oldest unit (CT) in the study area and on surfaces of ET1 C , a sedimentary unit that predates the formation of ET2, the sulfate and hematite-bearing unit explored by the Opportunity rover (Figure 4b ). The presence of Fe/Mg smectites on the surface of ET1 C indicates that this unit formed in a geochemical environment that differed from that of ET2, although it is also possible that the Fe/Mg smectites were transported to and preserved in ET1 C . The low pH conditions experienced by ET2 are probably not representative of the conditions that prevailed during the formation of ET1. The detection of phyllosilicate-bearing deposits in association with the oldest terrains in northern Sinus Meridiani is consistent with the hypothesis that phyllosilicates formed within the oldest terrains on Mars and that geochemical conditions became less favorable for phyllosilicate formation in later periods Bibring et al., 2006] .
Spectral Comparisons
[82] The phyllosilicate-bearing deposits associated with CT are characterized spectrally by absorption features at 1.91 and 2.30 to 2.31 mm, consistent with the presence Fe/ Mg smectites (Figures 2 and 7) . The ∼2.3 mm band is relatively deeper than the ∼1.9 mm feature in these deposits and chlorite may also contribute to the spectral signature. A similar spectral shape occurs within Fe/Mg phyllosilicatebearing deposits detected to the south within Miyamoto crater [Wiseman et al., 2008] . Phyllosilicate-bearing deposits in ET1 C exhibit shallow bands at 1.92 and 2.30 to 2.31 mm, consistent with the presence of Fe/Mg smectite (Figures 2  and 7) . The ∼1.9 mm feature is relatively stronger than the 2.31 mm band in spectra of ET1 C . Fe/Mg phyllosilicates exposed in ET1 to the east of our study area also exhibit a relatively strong ∼1.9 mm feature .
[83] The fact that the phyllosilicate-bearing materials associated with ET1 C have slightly different spectral shapes than older phyllosilicate-bearing deposits in Sinus Meridiani may be significant. However, several factors, including the composition [e.g., Calvin and King, 1997] , the degree of crystallinity, the amount of hydration and/or absorbed water in a sample [Milliken and Mustard, 2005] , or the presence of coatings [Cooper and Mustard, 1999] , can contribute to the strength of the ∼1.9 mm band. In addition, the abundance of the phyllosilicates influences band strengths and mixing with additional hydrated phases can affect the relative strength and apparent wavelength center of the 1.9 mm band.
Conclusion
[84] Sedimentary deposits indicative of an aqueous history that evolved over time are preserved in Sinus Meridiani. Laterally continuous strata were mapped over 100s of kilometers in extensive indurated sedimentary deposits (ET1) that predate the formation of the sulfate and hematitebearing unit (Ph) explored by the MER rover Opportunity. A thick sequence (∼150 m thick is some locations) of layered monohydrated and polyhydrated sulfate (LHS) deposits that are texturally and spectrally distinct from the sulfateand hematite-bearing unit (Ph) explored by Opportunity were unconformably deposited following the extensive erosion of older sedimentary units (ET1 A , ET1 B , ET1 C ). Therefore, at least two episodes of deposition separated by an unconformity occurred in northern Sinus Meridiani. These hydrated sulfate deposits may postdate the formation of Ph and, if so, record a relatively late-stage wetting event. The presence of Fe/Mg smectites in older sedimentary deposits (ET1 C ) indicates that the low pH formation conditions inferred for the younger sulfate and hematite-bearing unit (Ph) are not representative of the aqueous geochemical environment that prevailed during the formation of earlier sedimentary materials (ET1) and alteration of the oldest terrains (CT) exposed in Sinus Meridiani.
